The present study introduces an experimental approach to investigate mechanical properties of well-defined nonequilibrium states of Al-Si alloys during cooling from solution annealing. The precipitation behaviour of binary Al-Si alloys during the cooling process has been investigated in a wide cooling rate range (2 K/s-0.0001 K/s) with differential scanning calorimetry (DSC). To access the low cooling rate range close to equilibrium an indirect DSC measurement method is introduced. Based on the enthalpy change measured by DSC a physically-based model for the calculation of remaining solute Si amount as function of temperature and cooling rate is presented.
and precipitation state, can occur during the cooling step. Hence, the usual description of flow stress with macroscopic state variables (strain and overall chemical composition) is unsatisfactory in certain cases [3] .
Approaches to model flow curves with more appropriate state variables have therefore been developed in the past (e.g. [4] [5] [6] ). While stress-strain curves of pure aluminium and alloys with very low solute content can already be predicted over a wide range of temperatures and strain rates [7, 8] , influences of additional microstructural elements such as solutes and second-phase particles need further investigation. 80
It is known that flow stress of commercial age-hardenable aluminium alloys increase not only with decreasing temperature but also with increasing cooling rate, and in some works solid solution strengthening was considered to be responsible for this material behaviour (e.g. [9] ). Hence, the precipitation behaviour during cooling is of great importance as it provides knowledge on the loss of solutes and on microstructural changes. The effect of single elements on solute strengthening in aluminium alloys was experimentally studied in several works (e.g. [10] [11] [12] [13] [14] ). However, contribution on solid solution strengthening during the cooling process has not been subject to investigations so far. Furthermore, the role of quench-induced precipitates on the mechanical behaviour remains uncertain.
We aim to improve existing plasticity models with respect to microstructure evolution during quenching in the future. Therefore, reliable experimental data of well-defined material states is needed to investigate active 90 strengthening mechanisms, which have to be modelled. While strength of commercial alloys originates from a combined effect of several factors such as solid solution, grain size, aging precipitates, dispersoids or primary particles, binary alloys of high purity allow the isolation of several strength contributions [10] . Thus, binary alloys of the Al-Si system are analysed in a first step here. Al-Si is an ideal model system for the investigation of precipitation kinetics, since exothermic reactions are always due to precipitation of Si [15] and solubility of Al in the Si phase is low [16, 17] . Furthermore, knowledge on influence of single alloying elements on mechanical properties is considered to be important in order to set up a new plasticity model for commercial aluminium alloys.
The present paper introduces an approach to produce well-defined microstructural states that allow a detailed study of the effect of Si solutes and quench-induced Si precipitates on mechanical properties. To control the 100 microstructure, i.e. the microchemical composition of the matrix and the corresponding precipitation state, differential scanning calorimetry (DSC) measurements are of great importance. It was shown in [18, 19] that the precipitation heat (enthalpy change) is directly proportional to the volume fraction of precipitated particles, which allows in principle a calculation of remaining solute amount in dependence of cooling rate and temperature [20] .
One main objective of the present work is a precise determination of formation enthalpies to provide detailed input for a physically-based model. Therefore, precipitation kinetics of low-Si binary Al-Si alloys during cooling from solution annealing are investigated in a wide cooling rate range with advanced DSC techniques (e.g. [18, [21] [22] [23] [24] [25] [26] [27] [28] ). Direct DSC cooling experiments are limited to a certain slow cooling rate due to the relation between sample mass, cooling rate and heat flow. At a certain rate the signal-to-noise ratio of any DSC device will become too small to allow signal evaluation. However, the knowledge of near equilibrium precipitation processes is the basis 110 for the setup of any model. To access the cooling rate range close to equilibrium conditions a new indirect DSC reheating technique is introduced, which allows the quantitative evaluation of the precipitation enthalpy. Based on the enthalpy change measured by DSC, a model for the calculation of remaining solute Si amount and precipitation volume fraction as functions of temperature and cooling rate is presented, adapting an improved model for diffusion controlled reactions [29] . The microstructures of the defined states are analysed to evaluate the introduced model. Thereby, remaining solute amount and quench-induced precipitates are characterised with various methods: light optical and scanning electron microscopy (LOM / SEM), X-ray diffraction (XRD) and atom probe tomography (APT).
The mechanical behaviour of non-equilibrium microstructures is investigated by thermomechanical analysis (TMA) using a quenching and deformation dilatometer [9] . It is shown that the experimental methods 120 can be applied for a systematic study on the correlation between microstructural states of undercooled aluminium alloys and their mechanical behaviour. With the presented experimental approach the effect of Si solutes and quench-induced Si precipitates on mechanical properties can be analysed in future, which is an essential requirement for the progression of plasticity models.
Experimental

Materials
Two binary Al-Si alloys of high-purity grades were studied in this work. Their chemical compositions obtained by optical emission spectroscopy (OES) analyses are shown in Table 1 . Direct chill (DC) cast ingots were made from aluminium of 99.999 % purity and high-purity alloying elements. 130
The DC cast ingots were homogenised (12 hours at 500 °C) to obtain a uniform distribution of alloying element atoms and were subsequently hot-rolled to strips of 40 mm thickness. The hot-rolled strips were solution annealed for 24 hours at 450 °C followed by water quenching. Finally, the strips were cold-rolled to sheets of 16 mm thickness. Sampling for all experimental investigations was carried out perpendicular to the rolling direction. In the as-rolled condition both alloys had a similar grain structure with coarse, elongated grains of high aspect ratios.
All subsequent investigations included a solution treatment, which resulted in a recrystallized structure with grain sizes of about 450 µm in both alloys.
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Methods
A very wide range of cooling rates must be examined in order to fully understand the precipitation behaviour during cooling from solution annealing [18, 22, 24, 26] . Three different types of DSC devices were used: Perkin-140
Elmer Pyris Diamond DSC (2 to 0.3 K/s), Setaram 121 DSC (0.1 to 0.01 K/s) and Setaram C600 DSC (0.005 to 0.001 K/s). The methods employed for direct DSC cooling experiments and evaluation for the fastest and intermediate cooling rate ranges are described in [22] . While six measurements with identical parameters were performed in the Pyris Diamond DSC and at least three runs under same conditions were executed in the Setaram 121 DSC, only one or two experiments for each cooling rate were carried out in the C600 DSC due to the extensive test durations. High purity aluminium (99.9995 %) was taken as reference and data evaluation was done on excess specific heat capacity curves [22] . In-situ solution annealing was performed at 540 °C for 20 min except for measurements in the C600 DSC device, which required 120 min to reach thermal equilibrium within the measuring system due to the relatively large heat capacity of sample and measuring block. A well-stabilised temperature of the system at solution annealing is needed for high quality specific heat capacity measurements. 150
Note that the different solution treatment times did not result in different grain sizes.
The study of slow cooling rates provides the opportunity to follow near equilibrium phase changes. This is an essential requirement for a physical approach to describe the solute state during cooling. With reference to previous work (e.g. [18, 22, 28] ), the accessible cooling rate could be extended to very low values using the Setaram C600 DSC device with the following certain boundary conditions. Thus, cooling rates comprising four orders of magnitude could be analysed by direct cooling experiments. The Setaram C600 calorimeter is a heat flux DSC with a cylinder-type measuring system and is equipped with a high precision 3D Calvet sensor, which totally surrounds sample and reference cell. This setup provides that nearly all heat evolved is measured.
Measurements comprising a temperature range from ambient temperature up to 600 °C can be realised. A closed cooling circuit was implemented using a refrigerated circulator Julabo F34-ED. Optimal results were achieved 160 by using cylindrical samples with radiused edges. The samples had dimensions of 13.8 mm in diameter and 60.5 mm in length, which results in a sample mass of approximately 24,000 mg. The samples as well as the references were covered by conventional aluminium foil (about 110 mg) to minimize radiation losses caused by surface reactions of the samples.
A detailed analyses of alloys with very slow precipitation kinetics is hard to achieve with direct DSC cooling experiments, because an adequate statistical basis is very difficult to achieve due to extensive test durations. In order to determine the saturation value of enthalpy change for near equilibrium phase changes in such alloys, an expansion of cooling rate range to even lower rates than 0.001 K/s is necessary. This aim can hardly be established by any direct DSC cooling experiments with state of the art devices due to a low signal-to-noise ratio. Therefore, another approach based on the differential reheating method [24] was undertaken to deal with the mentioned 170 difficulties. With implementation of the reheating method information on enthalpy changes caused by precipitation during cooling can be derived from DSC reheating experiments. Even though DSC heating curves of aluminium alloys are often difficult to interpret in terms of quality, quantitative information can easily be obtained, provided the baseline is determined accurately. The reheating method takes as a basis that the total enthalpy change in a closed thermodynamic cycle equals zero under the premise that starting and end point are in equilibrium. The schematic temperature-time profile, indicating the enthalpy changes for the reheating method is shown in Fig. 1 . For the given problem the complete solid solution at the end of the solution annealing process can be defined as such an equilibrium state with a precipitation enthalpy value of H0 = 0. During slow cooling from solution annealing exothermic precipitation reactions take place causing a negative enthalpy change ∆HSC.
Provided that the same equilibrium state H0 as before is achieved after a reheating cycle following the cooling 180 process, the sum of enthalpy changes of the cooling step ∆HSC and the reheating step ∆HRH must be zero (∆HSC + ∆HRH = 0). For a sample cooled with a specific rate, a defined sequence of exothermic and endothermic reactions is detectable during the reheating cycle. Equilibrium state is achieved when all reactions are completed before the annealing temperature Tan is reached, i.e. the temperature exceeds the solvus temperature of the applied scanning rate. If this is the case all precipitated particles which have been formed during previous cooling and during the reheating step, respectively, are resolved and a complete solid solution with an enthalpy value H0 is restored. On condition 190 that equilibrium state is achieved after reheating, ∆HSC can be calculated directly from the DSC curves of the heating step. For an optimal control and evaluation of the corresponding baseline, it is recommended that sample temperature exceeds the corresponding solvus temperature for some 10 K. In that case, baseline bending correction can be performed [22] . The essential benefit of this reheating method is the possibility to study characteristic physical properties for cooling rates unattainable with direct DSC measurements. Another significant advantage is the reduced duration of experiments directly performed in DSC devices because the first thermal cycle comprising the cooling process can be executed simultaneously on various samples in an appropriate furnace. In this work, solution annealing (540 °C, 20 min) and slow cooling with nearly constant rate was realised in a chamber furnace Carbolite CWF 11/13 equipped with an Invensys Eurotherm nanodac TM recorder/controller for cascade control. Prior to heat treatment samples were sealed in quartz glass under vacuum-7 -in order to prevent surface reactions and thus changes in chemical composition. In addition to near equilibrium slow cooling rates, the as quenched condition after cooling in water was analysed as a reference and control measurement. After the cooling process samples were stored at -82 °C to supress further potential precipitation reactions before they were reheated in the Setaram C600 DSC to a temperature of 570 °C. A heating rate of 0.003 K/s was chosen for those experiments as this is an optimal rate for this DSC device and also ensures the observance of the mentioned requirement for this method that is the achievement of a complete solid solution before the end of the heating step (this applies to all cooling rates down to 0.0001 K/s investigated here). At least two experiments were carried out for each material condition.
With knowledge of precipitate formation enthalpies derived from DSC measurements a model for the calculation of the solute Si content as a function of cooling rate and temperature was developed (presented in section 3.3). 210
For evaluation of this model and for the characterisation of quench-induced precipitates, metallographic investigations were carried out. Selected cooling states were investigated by LOM with a Leica DMI5000 M and SEM performed in a Zeiss Supra 25 microscope operated at 10 kV. Samples were prepared by standard grinding and polishing methods with water-free, ethanol-based lubricants. For the final polishing step an oxide polishing suspension was used. From microscopic images the volume fraction of precipitated particles was determined with stereological methods using computational image analysis [30] . For each investigated cooling condition, fifty images (analysed area per condition > 9. a Bruker D8 DISCOVER diffractometer (integral measurements on samples of mm-size) using Cu-Kα radiation in order to confirm the crystal structures of quench-induced precipitates after cooling with different rates.
The effect of temperature and cooling conditions on flow characteristics of Al-Si was studied by TMA. The experiments were performed in accordance to Ref. [9] using a quenching and deformation dilatometer type Bähr DIL 805 A/D. At least three experiments with identical parameters were performed. True stress and logarithmic strain were determined from measured force-displacement curves. Thereby, geometry changes due to thermal expansion were taken into account for tests at elevated temperatures. Samples were solution annealed (540 °C, 20 min), cooled with various rates to different temperatures and compressed immediately after reaching the desired temperature. A strain rate of 0.1 s -1 was chosen for these tests. As the precipitation behaviour is investigated dependent on cooling rate and temperature, microstructure of the samples can be taken into account 240 for a discussion of the flow behaviour. Fig. 2 shows characteristic excess specific heat capacity curves for the investigated Al-Si alloys during cooling after solution annealing. The curves are shifted vertically and arranged in order of increasing cooling rate. DSC devices used for different cooling rate ranges are displayed. Exothermic precipitation reactions are shown by deviations exceeding the zero level, which is given by a dashed line for each curve. Note the various scaling of the excess specific heat capacity axis in Fig. 2a and Fig. 2b . It can be seen that precipitation in the investigated alloys occurs in different cooling rate ranges. Furthermore, peak temperatures and maximum excess specific heat capacities differ significantly between both alloys. 250 For both alloys, precipitation reactions decrease with increasing cooling rate. This can be explained by the suppression of diffusion processes. As only diamond cubic Si-rich phase (a = 0.542 nm) is likely to occur [1, 15] , -9 -the occurrence of two reaction peaks for alloy Al-0.72Si within the analysed cooling rate range may seem surprising. For the alloy containing a lower mass fraction of Si only one reaction could be detected in the same cooling rate range. For the slowest investigated cooling rate, precipitation reactions in Al-0.72Si start at about 475 °C, which is very close to the solvus temperature regarding the simple eutectic phase diagram [17] of this binary alloy system. A high temperature precipitation peak is dominating at this cooling condition, but is 260 suppressed significantly in its intensity and shifted towards lower temperatures as the cooling rate increases.
Results and discussion
DSC cooling experiments
While the high temperature reaction is suppressed, another peak at lower temperatures rises to a maximum and shifts to higher temperatures. Such precipitation behaviour is also shown by commercial alloys of different alloying systems (e.g. Al-Mg-Si [18] , Al-Zn-Mg(-Cu) [28] ).
Further increase in cooling rate results in a decrease of this low temperature peak area as well. Simultaneously, the peak of these low temperature reactions changes its shifting direction and shifts to lower temperatures as observed for commercial alloys before. In [18] "a lower critical cooling rate (LCCR) is defined for the highest cooling rate at which practically complete precipitation takes place. Additionally, an upper critical cooling rate (UCCR) is defined for the slowest cooling rate at which completion of supersaturation in solid solution is reached during cooling." In this work, the UCCR of Al-0.72Si was found to be about 1 K/s. In Al-0.26Si only one peak 270 was observed even at relatively slow cooling rates. This reaction starts approximately 50 K below the solvus temperature presented in [17] . As a consequence, it seems probable that precipitation start may be shifted to higher temperatures for even slower cooling. The UCCR of Al-0.26Si was found to be only about 0.02 K/s.
For Al-0.26Si, reactions even in the faster (with respect to alloy kinetics) cooling rate range could therefore only be detected using relatively slow but high sensitive Calvet-type DSC devices. For cooling rates realisable with a common Perkin-Elmer Pyris Diamond DSC [22] no reactions were measurable. The great potential of Calvettype DSC devices is demonstrated when even slower cooling curves of Al-0.72Si than recorded with the Setaram 121 DSC are investigated. While the cooling curve for 0.01 K/s already shows indications that at least two reaction peaks overlap in the temperature range around 400 °C, this precipitation behaviour can only be proven with investigation of slower cooling rates. With the extension of the cooling rate range due to high precision 280
Calvet detectors the existence of a high and a low temperature reaction peak is revealed.
For alloy Al-0.26Si, cooling with a slow rate of 0.01 K/s to RT reveals reactions causing an enthalpy change |ΔHRT| of only about 0.58 J/g. Since the enthalpy characterises the heat content of a system for adiabatic reactions, |ΔHRT| equals the measured specific precipitation heat (integral of excess specific heat capacity). This amount of enthalpy change is close to the detection limit for precipitation reactions of 0.1 J/g for the used DSC devices as defined in [22] . Therefore, a further decrease of cooling rate is necessary to distinguish the precipitation peak with certainty from the signals noise level. Only if measurements with the Setaram C600 DSC are taken into account the detected DSC peak can certainly be attributed to precipitation reactions.
DSC reheating experiments
In order to establish the saturation level of enthalpy change for near equilibrium phase changes DSC reheating 290 experiments after cooling with rates down to 0.0001 K/s (60 days cooling from solution annealing) were carried out for both alloys. Fig. 3 shows DSC reheating curves of alloy Al-0.72Si in different initial conditions. The precipitation and dissolution sequence during the heating cycle is heavily dependent on the preceded cooling condition. In general, the sequence shown in Fig. 3 comprises exothermic precipitation reactions and endothermic reactions at higher temperature, which can be attributed to the dissolution of particles. Exothermic precipitation reactions causing two overlapping DSC peaks (a1 and a2) can be observed, when a water quenched sample is reheated. For samples cooled at much lower rates the exothermic peaks are suppressed significantly and also shifted towards 300 higher temperatures. Only one main exothermic peak (a) remains, but one has to be aware of possible peak overlapping which might occur. This main peak shifts to higher temperatures as the preceding cooling rate decreases. The lower the cooling rate in the previous heat treatment was chosen, the more alloying elements are already precipitated during the cooling step. As a consequence, supersaturation of the solid solution is reduced and less Si can be precipitated upon reheating. Hence, the intensity of the exothermic peak (a) decreases with a reduction of cooling rate. Peak (a) disappears when supersaturation after cooling becomes sufficiently small for re-precipitation upon heating. The criterion for the completion of precipitation during cooling should be to maximise the integral of dissolution during heating. In that case all alloying elements insoluble in equilibrium condition at room temperature have been precipitated during previous cooling. In practise this should be quite close to the case when peak (a) disappears completely. Therefore, from the DSC reheating results a LCCR of 310 about 0.0001 K/s can be estimated for Al-0.72Si.
Regardless of whether the previous cooling occurred fast or slow endothermic dissolution peaks (B1 and B2) are present at higher temperatures. These peaks are shifted to higher temperatures with decreasing cooling rate. This indicates that particles formed at low cooling rates dissolve slower than those precipitated at faster cooling conditions. However, the DSC reheating curves show that all dissolution reactions are completed before 570 °C for all initial conditions and thus a complete solid solution is reached. As a result, the enthalpy change ∆HSC evoked by the cooling step can be calculated from the DSC reheating curves.
In Fig. 4 the enthalpy change ΔH of the different conditions in Fig. 3 during reheating with a scan rate of 0.003 K/s is plotted. At high temperatures the equilibrium condition H0 is reached and this enthalpy level is defined to be zero. As no precipitation reactions take place during water quenching the enthalpy level should be equal in both 320 initial and reheated condition. When the water quenched condition is reheated the enthalpy evolution indeed starts at the zero level. The precipitation reactions that occur on heating lead to a decrease of enthalpy first. At higher temperatures dissolution of precipitated particles causes endothermic reactions. This results in an increase of enthalpy until the equilibrium level is reached again. Equilibrium level is also achieved after heating of all other initial conditions to 570 °C. However, in these states quench-induced precipitates exist and the initial enthalpy state is therefore negative compared to equilibrium and also differs in dependence of the cooling rate. The initial value of enthalpy change therefore equals ∆HSC. 
Model for calculation of solute content and precipitated volume fraction
For the control of the microstructure by heat treatment, i.e. the adjustment of well-defined microstructure 340 conditions, a consistent physical description of the volume fraction of precipitates but also of remaining amount of solute in dependence of cooling rate and temperature is needed. To this end we adapt a physically-based model described in [29] , which is based on models for diffusion controlled reactions in [32, 33] . A prediction of the remaining solute concentration after the quench CAQ is given as a function of quench factor [29] :
where Cmin(T) is the minimal possible and Cmax(T) the maximal possible concentration of solutes at a certain temperature. Q represents the quench factor, while k1, n and ηi are model parameters. The parameter n is related to the type of nucleation mechanism active [33, 34] . Q is defined as:
Ct is dependent on alloy and temperature [29] . If a constant cooling rate is employed Q is proportional to quenching duration and due to the linear relationship between quenching duration and cooling rate β, Q is also linearly proportional to 1/β. 350
Next we replace CAQ from Eq. (1) with the enthalpy change during cooling to room temperature |ΔHRT|. The value Cmin(T) is replaced by the saturation level of enthalpy change at room temperature |ΔHRT sat |, which is reached in cases where cooling is slower than the LCCR. Cmax(T) is replaced by the minimum change in enthalpy, which is obviously zero as far as cooling is performed overcritically fast. As β is defined to be positive in this work the term in curved brackets becomes a positive sign as well. Rearranging the terms gives the fitting model:
Herein, kM is a parameter comprising k1 and Ct, i.e. it is alloy dependent. Thus to apply this model, we need to either fit or otherwise obtain kM, n and ηi. It has been shown [33, 35, 36] that if nucleation is completed early on in the reaction n should be 1.5. This would apply for heterogeneous nucleation e.g. at dispersoids or coarse intermetallic phases when the number of such sites is limited [19, 37] . However, those phases are not present in the pure binary alloys investigated in this paper, and hence, n should be 2.5, which is valid for continuous 360 nucleation during the course of the reaction [19, 37] . The parameter ηi is the impingement factor and its values found in literature typically range between about 1 and 2.2 when a single process occurs [19, 32, 33] . However, in the present case clearly multiple processes in a wide range of temperatures are involved, and we will here fit ηi.
Therefore, the values shown in Table 2 were calculated with the adapted fitting function and resultant fitting curves are shown in Fig. 5 . The fit is excellent. Saturation value |ΔHRT sat | should be proportional to the Si content. Due to the limited DSC data at very low cooling rates for Al-0.26Si, |ΔHRT sat | for this alloy was estimated from value |ΔHRT sat | = 11.3 J/g for Al-0.72Si using the Si content proportion of both alloys. The enthalpy change of precipitation per mole Si from the Al-rich matrix was experimentally studied in [15, 38] and was derived to be about 54 kJ mol -1 . Taking this value into 370 account, theoretically |ΔHRT sat | ≈ 13.2 J/g for Al-0.72Si and |ΔHRT sat | ≈ 4.8 J/g for Al-0.26Si result, respectively. Therefore, within experimental error the theoretical values agree well with the data presented in this work.
Accuracy of the literature values is mainly determined by the value of enthalpy change of precipitation per mole
Si. Interfacial energies of precipitates formed may influence the results. Furthermore, small deviations can also be ascribed to the limited accuracy of DSC data (e.g. peak area determination) and to assumptions made in the adapted quench factor model.
As the enthalpy change is in direct proportion to the mass and volume fraction of precipitated particles [18, 19] 
Parameter cel total corresponds to the overall content of a specific alloying element in the material, while the soluble content of this element at RT is taken into account with value cel sol(RT) . ΔHRT sat again is the saturation level of-14 -enthalpy change after cooling to room temperature. Value ΔHT c (β) represents the enthalpy change at temperature Tc to which the alloy has already been cooled with cooling rate β. ΔHT c (β) can thus be directly derived from integration of DSC curves taking the solution annealing temperature Tan as upper bound of integration:
While the maximum solubility of Si in the Al-rich matrix occurs at 577 °C with about 1.65 ma.%, solubility decreases to about 0.05 ma.% at 250 °C [16, 39] and drops far below that value with further decrease of temperature [40] . Soluble amount of Si at RT cSi sol(RT) therefore is negligible and equation (4) 
The binary Al-Si alloy with a Si content of 0.72 ma.% was considered for the calculation exclusively. The computed solute mass fraction of Si (bold line) and the precipitated volume fraction of Si (thin line) after cooling to RT is shown in Fig. 6 in dependence of cooling rate. 
Characterisation of quench-induced precipitates
It was demonstrated that during cooling in the DSC different reaction peaks correspond to the formation of different types of precipitates [18, 28] . Coarse (dimensions some µm) incoherent equilibrium phases are precipitated at high temperatures, while (partially) coherent precursor phases (length some 100 nm) precipitate at lower temperatures for age-hardenable aluminium alloys. However, no precipitation sequence is known for binary Al-Si alloys. Nevertheless, at least two exothermic reactions during cooling were detected for alloy Al-0.72Si (Fig. 2a) . To gain additional information on the precipitated particles, metallographic studies after linear cooling from solution annealing to RT were performed on this alloy. LOM and SEM images for different cooling rates are shown in Fig. 7 . DSC results indicated that a cooling rate of 1 K/s is overcritically fast for Al-0.72Si. After cooling with this rate no secondary precipitates were traceable with LOM and nanosized precipitates were also not detected via APT, which supports the calorimetric findings. However, it cannot be fully excluded that small precipitates untraceable with LOM form at this cooling rate as APT measurements would only reveal such particles in case of a dense spatial distribution. At slower cooling rates precipitates were observed, of which most are precipitated inside aluminium solid solution grains. Few particles on grain boundaries could be detected as well. For a cooling rate of 0.01 K/s at least two overlapping reaction peaks were detected by DSC (Fig. 2a) . After cooling with this rate coarse precipitates with different morphologies were found. On the one hand rods or platelets with lengths of 440 some µm and high aspect ratios have formed. Besides, irregular-shaped polygonal particles with low aspect ratios and few µm in size are precipitated during cooling with this rate. A more detailed view on both precipitate morphologies provides the SEM image in Fig. 7b . With a further decrease of cooling rate, the amount of rod-/platelet-shaped particles is reduced and polygonal precipitates gain in size. At a cooling rate of 0.0001 K/s very coarse polygonal particles (about 10 µm) are precipitated, while no rod-/platelet-shaped particles are visible anymore in LOM images.
It is well established in the literature that all precipitates in binary Al-Si alloys are diamond cubic Si-rich phase [15] . Our XRD experiments after cooling with 0.001 K/s and 0.01 K/s confirmed the presence of only the fcc Alrich phase and the diamond cubic Si-rich phase. Interestingly, overlapping DSC peaks (a1 and a2) observed during heating of the water quenched condition (Fig. 3) indicate that the formation of precipitates with different shapes 450 and sizes is not restricted to the cooling process. Precipitates of various shape were also found in other work after different ageing treatments [15, [43] [44] [45] .
When the microstructural results are compared to the corresponding DSC cooling curves it can be assumed that the precipitation of polygonal particles takes place at high temperatures. Rod-/platelet-shaped precipitates on the other hand seem to be formed at lower temperatures. As the precipitation of particles with different morphologies seem to correspond to the reaction peaks measured by DSC a more detailed microstructural analysis was carried out to study the development of precipitate formation by a step quenching procedure introduced in [18] . The investigated samples were cooled with 0.001 K/s and 0.01 K/s to specific temperatures before they were overcritically cooled to maintain the precipitation state of interest.
The microstructure development of Al-0.72Si during cooling with 0.001 K/s obtained from light microscopy is 460 shown in Fig. 8a . No precipitates are visible at 490 °C, which coincides with the DSC curve for this cooling rate as no reaction was detected at this temperature. According to Fig. 2a , the intensity maximum of the high temperature reaction peak is reached at 440 °C. Coarse polygonal particles with low aspect ratios have already been formed at this temperature. With a further decrease of temperature the precipitates grow and the volume fraction increases. After cooling to room temperature a few rod-/platelet-shaped precipitates were detected. This indicates that the low temperature reaction is also present to a certain extent at this cooling rate and supports that these particles are formed at lower temperatures.
During cooling with 0.01 K/s the maximum amount of heat is released by low temperature reactions. However, high temperature reactions are not fully suppressed when the alloy is cooled with this rate. At a temperature of 435 °C only polygonal-shaped precipitates with much smaller dimensions compared to the slower cooling 470 condition can be perceived, which correspond to high temperature reactions taking place in this temperature region (Fig. 2a) . When a temperature of 395 °C is reached (low temperature reaction peak maximum) these particles have grown and first rods/platelets appear. With further decrease of temperature the polygonal-shaped particles seem to retain their form and size. This again supports the proposition that these particles form only at high temperatures. On the contrary, amount and size of rod-/platelet-shaped particles increases after passing the intensity maximum of the low temperature reactions. The knowledge that precipitate morphologies are dependent on the growth temperature of particles provides an 480 explanation for their varying shape [46] . With respect to classical nucleation theory, the driving force for solidphase transitions such as precipitation reactions can be ascribed to three major factors. The change in the Gibbs free energy ΔG when a nucleus forms can therefore be written as:
While ΔGvol is related to the energy gain due to creation of new volume, ΔGsur (surface energy) and ΔGstr (strain energy) represent inhibitory energies for phase transition. If nucleation is mainly arrested by creation of new interfaces, globular/polygonal nuclei and particles will form because of their small surface to volume fraction.
This seems to be the case at high temperatures. Plate-or rod-shaped particles are precipitated if the strain term is the dominating factor. This can be explained with lower strain energy of particles with this shape. Vacancies in binary fcc alloys also play an important role in nucleation [44] as they increase the diffusion rate of solute atoms at moderate temperatures and thus increase the growth rate of solute clusters. Furthermore, vacancies may become 490 part of nuclei and can reduce the barrier to precipitation.
Thermo-mechanical analyses
Flow characteristics of Al-0.72Si during the cooling process were examined by TMA dependent on cooling condition and temperature. In correlation with data from DSC cooling experiments and microstructural analyses information on the effect of Si solutes and quench-induced Si precipitates on mechanical properties can be discussed. Three cooling rates (1 K/s, 0.01 K/s, 0.001 K/s), showing very different precipitation behaviour, were studied. Compression tests after cooling with these rates were carried out at four different temperatures (500 °C, 400 °C, 300 °C, 30 °C). The results of these tests are given in Fig. 9 . Identical flow curves were recorded at a temperature of Tc = 500 °C for all cooling rates. This can be explained with the absence of precipitation reactions in this temperature range (Fig. 2a) , meaning that all Si atoms remain in solution for all states. At Tc = 400 °C a decrease in strength was detected with decreasing cooling rate, which clearly results from a loss of solute Si atoms. Even greater differences in the flow stress can be observed at a temperature of Tc = 300 °C as further precipitation reactions occur in this temperature region. At both temperatures the flow stress at the initial stage of plastic deformation and at higher strains is affected nearly equally.
particles as was shown in Fig. 8 . Interestingly, strain hardening at high temperatures does not seem to be 510 influenced by the quench-induced precipitates and similar work hardening rates were observed in all conditions. Work hardening is generally weak due to extensive dynamic recovery. On the other hand, work hardening rates at low temperatures seem to be affected by quench-induced precipitates formed during slow cooling. At Tc = 30 °C overcritically cooled samples again show the highest yield strength, implying that precipitated particles are too coarse to contribute to strength at the initial stage of plastic deformation. The yield strength hence seems to be controlled by the solute Si content. However, higher strain hardening rates up to a total strain of about 0.03 were observed for samples containing precipitates. With further increase of strain work hardening rates drop below that of precipitate-free samples. Complete solid solution thus showed a more linear hardening, while a parabolic hardening was observed for states containing quench-induced precipitates and lower solute content.
Similar observations were recently made in Al-Mn alloys containing different dispersoid densities [47, 48] . A 520 higher amount of non-shearable particles led to an increased work hardening at the initial plastic deformation, but the effect was opposite at higher strains. The more parabolic hardening, compared to a lower density of dispersoids, resulted in a crossover in the stress-strain curves similar to the results presented here. The reason for increased work hardening rates at the initial plastic deformation has been attributed to the generation of geometrically necessary dislocations (GNDs), on which Ashby [49] proposed a basic theory. It was assumed that the local dislocation density saturates at a certain amount of strain and volume fractions containing GNDs no longer contribute to further work hardening. Decreased hardening rates at higher strains therefore seems to be related to the storage and dynamic recovery of the GNDs during deformation at room temperature [48] . Although no detailed study regarding precipitate-matrix interfaces have been performed so far, most quench-induced particles in Al-Si should be incoherent with the matrix and hence non-shearable due to their sizes. Thus, work 530 hardening characteristics of Al-Si with quench-induced precipitates might also be influenced by the generation of GNDs. A more refined discussion of this effect will require a comprehensive model that is able to consider work hardening, dynamic recovery, particle and solid solution strengthening concurrently, which is beyond the scope of the present paper.
Summary
In this work an approach to explore the effect of solutes and quench-induced precipitates on mechanical properties during cooling from solution annealing has been introduced on binary Al-Si alloys. Application of advanced DSC techniques for determination of precipitation enthalpies upon cooling from solution annealing (cooling rates between 2 K/s and 0.0001 K/s) allows the determination of solid solution states based on an introduced physicallybased approach. Microstructural analyses by the use of light optical microscopy, scanning electron microscopy, 540 atom probe and X-ray diffraction support the modelled solute states and it is found that quench-induced precipitates of different morphology form dependent on cooling rate. Form and size of quench-induced particles depend on the temperature range in which they are precipitated. Coarse irregular-shaped, polygonal precipitates are formed at high temperatures, while particles precipitated at lower temperatures seem to be rods or platelets.
Thermomechanical analyses showed that the strength of binary Al-Si during the cooling process is significantly influenced by temperature and cooling rate as different microstructural changes occur. Quench-induced Si precipitates appear to have no contribution to yield strength of the alloy due to their sizes. Onset of plastic deformation is therefore mostly controlled by the present amount of Si solutes. While work hardening characteristics of Al-0.72Si at elevated temperatures also seem not to be influenced by precipitated particles, increased strain hardening rates at the initial stage of plastic deformation are observed at low temperatures in 550 samples with quench-induced precipitates. At higher strains work hardening rates are reduced. This results in a rather parabolic hardening compared to precipitate-free conditions, which show a more linear hardening.
The presented experimental approach can be used for a detailed study on the correlation between microstructural states of non-equilibrium alloy conditions and their mechanical behaviour in future work. With knowledge of microstructural changes upon cooling appropriate heat treatment parameters can be derived to control the microstructure and thereby produce well-defined material conditions. Comparison of these states by means of thermomechanical analyses will allow the investigation of strength contribution of solute Si and strengthening effects of quench-induced precipitates with different morphologies. Consequently, information on active strengthening mechanisms can be obtained to improve plasticity models. 
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